A novel developed heuristic global optimization algorithm, called gravitational search algorithm, is applied for simultaneous coordinated designing of the power system stabilizer and thyristor controlled series capacitor as a damping controller in the multi-machine power system. The coordinated design problem of controllers over a wide range of loading conditions is formulated as a multi-objective optimization problem. The eigenvalues analysis and nonlinear simulation results demonstrate the high performance of the proposed controllers and their ability to provide efficient damping of low frequency oscillations. Also, the proposed coordinated controllers have an excellent capability in damping inter-area oscillations and enhance greatly the dynamic stability of the power system.
Introduction
With growing transmission line loading over long distances, the request of power system stabilizers (PSSs) might in some cases, not provide enough damping for the inter-area power oscillations in a multimachine system. In these cases, flexible AC transmission systems (FACTS) devices are one of the recent plans to alleviate such conditions by controlling the power flow along the transmission lines and improving power oscillations damping [1] [2] . One of the series FACTS devices for transient stability improvement is the thyristor controlled series capacitor (TCSC), which allows quick and continuous changes of the transmission line impedance [3] [4] . It has immense potential and application in precisely regulating the power flow on a transmission line, mitigating the sub-synchronous resonance, improving the transient stability and damping inter-area power swings. Unfortunately, the problem of the conventional power oscillation damping controller design is a multimodal optimization problem. Thus, the conventional optimization methods are not proper for such a problem. Hence, it is needed that the meta-heuristic methods, which are widely used for the global optimization problems are expanded. In this study, a newly optimization algorithm based on the law of gravity, namely Gravitational Search Algorithm (GSA) is applied to coordinate between PSSs and TCSC controllers simultaneously. This algorithm is based on the Newtonian gravity: ''Every particle in the universe attracts every other particle with a force that is directly proportional to the product of their masses and inversely proportional to the square of the distance between them". GSA has been confirmed higher performance in solving various nonlinear functions, compared with some well-know search methods [5] . The efficiency of the proposed controller is tested on a four-machine power system under different operating conditions through the eigenvalue analysis and the nonlinear time simulation. Simulation results demonstrate that the proposed method achieves good robust performance for damping the low frequency inter-area oscillations.
GSA
GSA is a newly developed stochastic search algorithm based on the law of gravity and mass interactions. In GSA, the search agents are a collection of masses which interact with each other based on the Newtonian gravity and the laws of motion, completely different from other well-known populationbased optimization method inspired by swarm behaviours in nature. In GSA, agents are considered as objects and their performance are measured by their masses, and all these objects attract each other by the gravity force, while this force causes a global movement of all objects towards the objects with heavier masses [5] . The heavy masses correspond to good solutions of the problem. In other words, each mass presents a solution, and the algorithm is navigated by properly adjusting the gravitational and inertia masses. By lapse of time, the masses will be attracted by the heaviest mass which it presents an optimum solution in the search space. To describe the GSA, consider a system with N agents (masses), the position of the i-th agent is defined by:
where x i d presents the position of i-th agent in the d-th dimension and n is the space dimension. According Newton gravitation theory, at a specific time t, the force acting on the ith mass from the jth mass is defined as:
where M i and M j are masses of agents, G(t) is the gravitational constant at time t. M i is calculated through comparison of fitness as follows: 
where fit i (t) represent the fitness value of the agent i at t, best(t) and worst(t) are the best and worst fitness of all agent, respectively. For the i-th agent, the randomly weighted sum of the forces exerted from other agents
where rand j is a random number in the interval [0, 1]. Hence, by the law of motion, the acceleration of the agent i at time t, and in direction dth, a i d (t), is given as follows:
Then, the searching strategy on this concept can be described by following equations.
where rand i is a uniform random variable in the interval [0, 1] . This random number is applied to give a randomized characteristic to the search. x i d represents the position of ith agent in dth dimension, v i d is the velocity and a i d is the acceleration. It must be pointed out that the gravitational constant G(t) is important in determining the performance of GSA and is defined as a function of time t:
where G 0 is the initial value, β is a constant, t is the current iterations, t max is the maximum iterations. The parameters of maximum iteration t max , population size N, initial gravitational constant G 0 and constant β control the performance of GSA. According to the description above, the whole workflow of the gravitational search algorithm is shown as follows:
Step 1: Define the problem space and set the boundaries, i.e. equality and inequality constraints.
Step 2: Initialize an array of masses with random positions.
Step 3: Check if the current position is inside the problem space or not. If not, adjust the positions so as to be inside the problem space.
Step 4: Evaluate the fitness value of agents.
Step 5: Update G(t), best(t), worst(t) and M i (t) for i = 1,2,. . .,N.
Step 6: Calculation of the total force in different directions and acceleration for each agent.
Step 7: Change the velocities according to (1).
Step 8: Move each agent to the new position according to (2) and return to Step 3.
Step 9: Repeat Step 4 to Step 8 until a stopping criteria is satisfied. In this paper, GSA will be applied for simultaneous coordinated designing of the PSS and TCSC as a damping controller in the power system.
Power System Model
To demonstrate the application and robustness of GSA for the damping control design, a 4-machine, 2-area study system is simulated. The one-line diagram of the test system is given in Fig. 1 . All the generators are equipped with identical speed governors and turbines, which include exciters, AVRs, and two PSSs which are installed in generators 1 and 3 and one TCSC is located between bus 13 and 101. To analyze the low frequency oscillations in the system, two system configurations are studied: 1) System with two lines between bus 3 and 101, and 2) System with a single line between bus 3 and 101.
A conventional lead-lag controller structure for both GSA-PSS and GSA-TCSC is considered in this study. The stabilizing signal of proposed controllers can be expressed as: 
Parameters determined by the GSA procedure are controllers gain K, and lead/leg time constants T 1 -T 4 . Fig.1 . Multi-machine power system with the TCSC
Linearized model
The system analyses and controller design to improve small signal stability margin may be carried out by means of linear models. After linearizing the system model equations around an operating point, a single linear time invariant model, in the Form is a vector containing the states of both the system and the controller. Ã∈R 2n is the state matrices of the closed loop system, and A c , B c and C c are the matrix variables to be determined by the design procedure [6] [7] . The goal of the PSS design is to place the eigenvalues of matrix Ã in the left half of the complex plane. In this paper, the damping ratio and damping factor for the oscillation modes of the closed loop polytopic system are used as performance index in the design stage, since such performance index is universally accepted in power systems as an indicative of small signal stability margin. 
Problem formulation
In the proposed method, one must tune the PSS and TCSC controller parameters optimally to improve overall system dynamic stability in a robust way under different operating conditions and disturbances. To acquire an optimal combination, this paper employs GSA to improve optimization synthesis and find the global optimum value of fitness function. To increase the damping of the electromechanical modes, an eigenvalue based multi-objective function reflecting the combination of damping factor and damping ratio is considered as follows: 1, 2, 3,. ..,NP is the index of system operating conditions considered in this design process, i = 1, 2,...,N, is the index of eigenvalues in the system, σ ij and ζ ij are the damping factor and the damping ratio of the ith eigenvalue of the jth operating condition. The value of α=10 is a weight for combining both damping factors and damping ratios. Finally, σ 0 and ζ 0 are the constant value of the expected damping factor and damping ratio, respectively. The design problem can be formulated as the following constrained optimization problem, where the constraints are the controller parameter bounds: Subject to
The proposed approach employs the GSA to solve this optimization problem and search for an optimal set of power damping controller parameters. The optimization of the PSS and TCSC controller parameters is carried out by evaluating the objective function as given in Eq. (15) which considers a multiple of the operating conditions. The proposed approach employs GSA to solve this optimization problem and search for the optimal set of PSSs and TCSC parameters.
Simulation Results
To demonstrate the application and robustness of GSA in coordinated designing, the two-area multimachine power system is simulated. In this study, proper fine tuning of GSA's parameters is evaluated by several experimental studies examining the effect of each parameter on the final solution and convergence of the algorithm. As a result, parameters of GSA are set as: population size is 50, iteration number is 1000, G 0 =100, β = 10. In our implementation, the values of σ 0 and ξ 0 are taken as -1 and 0.2, respectively. The principal eigenvalues and the damping ratios obtained for all operating conditions without and with the proposed controllers are given in Table 1 . The results from coordinated design approach show that the minimum damping ratio and the maximum damping factor under all cases are better than the results obtained by the uncoordinated design. After the optimized coordinated tuning of PSS/TCSC controllers, all the electro-mechanical modes are well damped and the detrimental effects due to PSS/TCSC interactions are suppressed. It shows that the using GSA is an effective approach to enhance the global searching capability and improve the performance stability. proposed method, the oscillations are damped. These time domain simulations agree well with the results of eigenvalue analysis. It is clear from these figures that, the simultaneous design of the PSS and TCSC damping controller by the proposed approach significantly improves the stability performance of the example power system and low frequency oscillations are well damped out. 
Conclusions
This paper presents GSA for the simultaneous coordinated tuning of the TCSC damping controller and PSS in multi-machine power system. The proposed method is classifiable as direct search algorithms and does not require any continuity or derivatives of the objective function. The problem of selecting the PSS and TCSC damping controller parameters in order to enhance the damping of the power oscillations for a set of operating conditions is posed to an optimization problem. The GSA algorithm has been successfully applied to find the optimal solution of the design problem. The eigenvalue analysis and nonlinear simulation results demonstrate the effectiveness and robustness of the proposed controllers and their ability for damping low frequency electromechanical oscillations as well as improving system voltage profile.
